A highly sensitive procedure was developed for the identification of the origin of bidirectional DNA synthesis in single-copy replicons of ammalian cells. The method, which does not require cell synchronization or permeabilization, entails the absolute quantification, by a competitive PCR procedure in newly synthesized DNA samples, of the abundance of neighboring DNA framents distributed along a given genomic region. Terminal differentiation of HL-60 was achieved with retinoic acid and dimethylformamide, as described (17).
sponding to the 3' noncoding end of the lamin B2 gene and the nontranscribed spacer between this gene and the 5' end of another highly transcribed one. This localization was obtained both in aphidicolin-synchronized and in exponentially growing HL-60 cells.
Living organisms regulate the rate of DNA replication by modulating the activation of replication origins (1, 2) ; in eukaryotes, every chromosome is composed of many tandemly organized replicons, which are activated at different times of the S phase (3) and are characterized by an origin from which two oppositely moving semiconservative forks issue. However, identification ofreplication origins in animal systems has proven very difficult in view of the widely experienced failure to isolate autonomously replicating sequences in mammalian cells (4) (5) (6) (7) . This failure has fostered several attempts to utilize physicochemical or biochemical approaches for the identification of origins. Analysis of leading strands polarity switch indicated the existence of an origin within 14 kb in the amplified dihydrofolate reductase (DHFR) locus of Chinese hamster cells (8, 9) and, more recently, within a 2-kb stretch of the human 3-globin gene (10) . PCR analysis of the relative abundance of different markers in isolated nascent DNA strands has given indications that the DHFR origin may be localized in a 2-kb region (11) . Furthermore, analysis of the switch-point of polarity of the Okazaki fragments has pointed to an origin restricted within 450 bp of the same area (6) . In contrast, the twodimensional gel approach has given indications that replication initiates in delocalized fashion within a 50-kb origin area (12) in the same amplicon as well as within a 3-kb stretch near the ura4 gene of Schizosaccharomyces pombe (13) .
In view of the controversial nature of these results [for a critical discussion, see Terminal differentiation of HL-60 was achieved with retinoic acid and dimethylformamide, as described (17) .
Transfection. Plasmid pAWTSV (=9 kb), a kind gift of Cesare Vesco (Institute of Cell Biology, Rome), carries the whole simian virus 40 (SV40) genome inserted in the BamHI site of pAT153 (18) . Six 10-cm tissue culture plates, containing about 106 COS-1 cells each, were transfected with 10 pg of pAWTSV by the calcium phosphate precipitation technique. After 10 hr of incubation in calcium phosphate solution, cells were extensively washed and fresh medium was added, containing 10 The corresponding fractions from the parallel gradients of each of the above-described experiments were combined; fractions were pooled as described for each experiment, dialyzed, and further purified by anti-BrdUrd immunoaffinity chromatography (19) .
In the control experiment of Fig. 4B The competitive PCR experiment for the 2300-nt sample is depicted in Fig. 1B . Results for all three fragment sizes, expressed as the number of specific molecules per 106 total molecules of the same size (Fig. 1C) , confirm that, indeed, the sequences close to the origin are markedly enriched over those distant from it, at all selected sizes. Since the size ofthe SV40-based replicon is much smaller than that of a human replicon, this test is particularly stringent. 
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Human DNA Origin in Synchronized Cell Cultures. In the previous years, we demonstrated that a 1560-bp DNA fragment [B48, selected from a mini-library of HL-60 cell DNA containing fragments derived from the replicons activated at the beginning of the S phase (16) ] was in fact replicated in the very first minute of the S phase in HL-60 synchronized cells (22) and, thus, presumably very close to, or even coincident with, an origin. We sequenced 13.7 kb around the initial isolate, and we observed that this genomic region, mapping on band p13.3 of chromosome 19, contains the final portion of the lamin B2 gene and, downstream of it, another gene (ppvl), transcribed in the same direction and coding for a still unidentified product [ Fig. 2A (22) ].
To map the origin within this region, we challenged HL-60 cells with the described approach by synchronizing a culture at the G1-S border and then allowing incorporation of BrdUrd for two different time intervals in the presence of a subinhibitory concentration of aphidicolin. After 10-and 20-min pulses (corresponding to approximately 8 and 16 sec of synthesis in the absence of aphidicolin), DNA was extracted, denatured, and fractionated on a sucrose gradient, and pools of approximately 1500 nt (from the 10-min pulse) and 600, 1400, and 2400 nt (from the 20-min pulse) were selected; these were subsequently purified on the anti-BrdUrd-DNA antibody column and analyzed for the abundance of the sequences indicated in Fig. 2A . The results are reported in Fig. 3 A and B and fit with the presence of a replication start site near the original isolate (B48 marker) for both pulse times and for all different size samples. These data confirm a preliminary mapping performed with a 10-min pulse with the same technique (15) . As a control, we quantified in the same sample an unrelated DNA sequence [located within the 3-globin gene (10) ] that, as shown in Fig.   3B , gave values comparable to the lowest ones observed at the ends of the explored area.
For a more precise definition of the peak of marker abundance distribution, we challenged a 1000-nt BrdUrd DNA pool (derived from the same culture after a 30-min pulse) with nine primer pairs, four of which closely spaced in the peak region. Again, a sharp distribution peaking at the B48 marker was identified (Fig. 3C) , this sequence being enriched over 104-fold with respect to a random sample of DNA.
Lamin B2 Origin in Asynchronous Cultures. Due to the accuracy and sensitivity of competitive PCR, the described approach is not restricted to synchronized cells but can be extended to exponentially growing ones, thus avoiding possible artefacts introduced by the synchronization procedures. In fact, in an asynchronously growing culture, short single strands of DNA (longer than the Okazaki fragments) should be strongly enriched for nascent replicons and contain the replication start site.
Accordingly, an exponentially growing HL-60 cell culture was labeled for 10 min with [3H]deoxycytidine in the presence of unlabeled BrdUrd, without any other addition, and then the cells were treated as described above. As expected, the fractionation of labeled DNA (Fig. 4A) showed a distribution of small fragments of progressively increasing size, separated from the bulk of high molecular weight DNA. A DNA sample of 1500 nt was analyzed for the abundance of the nine markers indicated in Fig. 4B /a. Again, an unambiguous peak at the same position as observed in the previous experiment was obtained. The abundance of another originunrelated gene (insulin) in this sample was as low as or lower than that of the markers furthest from the origin peak. From the data presented in Fig. 4 we can estimate that one molecule of B48 sequence is present every 30,000 sizefractionated and immunopurified BrdUrd-DNA fragments. This value is in line with the expected one, since in an asynchronous cell population all genome origins (roughly 30 ,000 assuming an average replicon size of 105 bp) should be activated at any given moment. To rule out possible biases in the estimate of abundance of selected DNA fragments introduced by the density labeling and/or purification procedures, an HL-60 culture was uniformly labeled for 24 hr with BrdUrd; nuclear DNA was extracted, sonicated to 1000 bp, denatured, purified as above, and assayed for the abundance of five lamin B2 markers ( Fig. 4B/b ): no significant enrichment for any sequence (including B48) was observed.
As a further control that the primers used did not introduce any bias in the analysis of marker abundance, the relative Quantitation of the number of molecules in a sample of total unsubstituted genomic DNA from differentiated HL-60 cells. In B/c, the number of molecules is expressed as molecules per ng of total DNA Qeft); conversion of this value to molecules per genomic equivalents (right) was achieved assuming that 1 genomic equivalent (haploid genome) corresponds to about 5.5 pg of DNA. content for the same segments probed in this work was measured in a sample ofunreplicating DNA from HL-60 cells differentiated by treatment with retinoic acid and dimethylformamide. As expected, in this sample (Fig. 4B/c) Features of the Origin Region. The pair of primers (B48BIS and B48TER) flanking the one giving the strongest signal (B48, Fig. 2B ) confine the replication origin within a 474-bp region roughly corresponding to the nontranscribed spacer between two transcription units arranged head to tail (22) . This region was shown to contain a strong promoter for the downstream transcription unit; a key feature ofthis promoter is the presence of a basic helix-loop-helix protein binding motif that was shown to bind in vitro to the USF/MLTF protein (23) ; interestingly, such motif also fits the binding consensus for the Myc/Max complex (24) , whose function in regulating cell proliferation is suggested by several studies (25) [incidentally, the c-myc gene domain is amplified in HL-60 cells (26)]. An evolutionary conserved (A+T)-rich region (22) can be envisaged in the proximity of the origin, as is the case for well-defined replication origins of different organisms (27) (28) (29) .
We have previously shown that the upstream transcript (5000 nt) codes for the human lamin B2 (22) , whereas the downstream one (850 nt) contains a 72-amino acid open reading frame with no homology with known proteins except for a Zn-finger motif (to be reported elsewhere); transcription of both genes is highly correlated with cell proliferation (22) , in agreement with the correlation between transcription and origin activation well established for several viral and yeast replicons (30, 31) .
